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ABSTRACT
In order to improve soft soil strength, a mixture of incinerated sewage sludge ash (SSA) and
cement was applied as a soil stabilizer. The intended mix ratio for SSA and cement was 3:1. A-
6 clay was selected as the untreated soil. In this study, 15% of clay soil was replaced by
SSA/cement to produce the treated soil specimens. Then, four different volumes, namely 0, 1, 2,
and 3%, of nano-Al2O3 were mixed with the treated soil as an additive. Tests such as compaction,
pH values, Atterberg limits, unconfined compressive strength (UCS), swell potential, California
bearing ratio (CBR), and permeability were performed. The results indicate that both UCSs and
CBR values of untreated soil were greatly improved by the use of 15% SSA/cement. Moreover,
a 1% addition of nano-Al2O3 enhanced the treated soil in terms of both UCS and CBR values.
Furthermore, the swell potential was effectively reduced by the use of 15% SSA/cement as
compared with untreated soil and the 1% nano-Al2O3 additive fraction offered the best
performance. From this study, we conclude that 15% of SSA/cement replacement could
effectively stabilize A-6 clay soil, and 1% of nano-Al2O3 additive may be the optimum amount
to add to the soil. 
INTRODUCTION
As reported by Ouyang et al. (1998), the amount of sewage sludge generated from
wastewater treatment plants has increased from 180,000 m3/day in 2003 to 400,000
m3/day in 2009 in Taiwan. With such a large quantity of sludge, common treatment
methods, such as landfill, farm use, and incineration, are not suitable for an island like
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Taiwan that has very limited land resources. Moreover, an increase in environmental
protection and awareness is another driving force pushing researchers in both academia
and industry to examine sludge treatment thoroughly. Because sewage sludge ash
possesses the property of pozzolan activity, Tay and Show (1992) found that the strength
activity index of sludge ash varied from 58 to 67%, which is close to a C class
pozzolanic material as regulated by ASTM C618. Monzo et al. (1999) further proved
that sewage sludge ash exhibits pozzolanic activity. They manufactured mortar
specimens with part of the cement replaced by sewage sludge ash. They found that the
initial strength of the mortar was better, and the compressive and bending strengths
increased as the percentage of sewage sludge ash increased. Thus, part of the cement
can be replaced by sludge ash to meet the demands of different engineering
applications. Among them, geotechnical engineering applications like soft subgrade soil
treatment can easily require large amounts of sludge. Conventionally, cement or fly ash
is used to stabilize soft subgrade soil. Yang and Hong (2005) mixed 12% cement with
soil and found that the basic properties of cement/soil mixture were close to those of
soil. Plants can still grow in the cement/soil mixture. This implies that not only was the
soft subgrade soil stabilized, but the ecological requirements were also met. Instead of
using cement as a stabilizer, Lin et al. (2005) added incinerated sewage sludge ash to
stabilize the soft cohesive subgrade soil. They found that the untreated A-4 soil was
improved from mid- to low-plastic soil, CL (clay), to ML (silt) soil according to the
USCS system. They also suggested that sewage sludge ash reduced the swelling
behavior of A-4 soil and enhanced the 95% CBR values, unconfined compressive
strength, and A-4 soil triaxial shear strength. In order to improve the properties and
strength of the soil, Lin et al. (2007) used sewage sludge ash and hydrated lime to
stabilize soft cohesive subgrade soil. Five different ratios of sludge ash/hydrated lime
were mixed with cohesive soil. Test results showed that the unconfined compressive
strength of treated soil was increased to three to seven times better than that of untreated
soil. Swelling behaviors were also effectively reduced for the treated soil. The
researchers suggested that sewage sludge ash/hydrated lime could particularly improve
the geotechnical properties of cohesive subgrade soil. In addition, Lin et al. (2007)
compared the effects of fly ash and sewage sludge ash in terms of ability to improve soft
cohesive subgrade soil. They observed that both types of ash are sufficient for stabilizing
the engineering properties of such soil samples. Although the improvements with fly ash
in terms of certain engineering properties were better than with sewage sludge ash, they
suggested that sewage sludge ash has the potential to replace fly ash to improve soft
cohesive subgrade soil. Chen and Lin (2009) mixed incinerated sewage sludge ash with
cement at a 4:1 ratio to improve the strength of soft cohesive subgrade soil. Their results
suggest that the unconfined compressive strength of treated soil was improved to
approximately three to seven times better than that of the untreated soil. Moreover, the
CBR values of the treated soil were up to 30 times that of untreated soil. They
concluded that sewage sludge ash/cement may be helpful for many potential
applications in the field of geotechnical engineering.
In this study, sewage sludge ash and cement were mixed at a 3:1 ratio and used as a
stabilizer to improve A-6 clay. This study proposes that a 15% of the total amount of
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clay to be reinforced is replaced with sewage sludge ash/cement. Moreover, 0, 1, 2, and
3% of nano-Al2O3 were added to the treated soil (sewage sludge ash/cement mixture
plus soil) to enhance the influence of the sewage sludge ash/cement replacement. This
approach may lead to a broader reclamation of sewage sludge in the future.
TEST METHODS 
In this study, clay was obtained from a local county near Kaohsiung City in southern
Taiwan and was brownish yellow. Sewage sludge was acquired from a local wastewater
treatment plant near Kaohsiung City. After incineration at a high temperature, the
sewage sludge ash (SSA) was ground into fine powder particles. Test results obtained
from the toxicity characteristic leaching procedure (TCLP) are presented in Table 1.
Moreover, in this study, nano-Al2O3, a white powder, was selected as an additive to help
further stabilize the soil treated by SSA and cement. The basic properties of nano-Al2O3
are shown in Table 2.
Table 1. Results of TCLP and pH values for sewage sludge ash 
Heavy Metals As Pb Cu Cd Zn Cr Hg Cr+6 Se Ba pH 
Regulated TCLP(mg/L) 5.0 5.0 15.0 1.0 25.0 5.0 0.2 2.5 1.0 100.0 –
TCLP (mg/L) 0.27 ND 4.20 ND 3.28 ND 0.0017 ND ND 0.035 7.2
Table 2. Basic properties of nano-Al2O3
Shape Spherical Particle
Model MC2R
Particle Size (nm) 30±5
Specific Surface Area (m2/g) 180±20
Purity (%) >99.99
Apparent Density (g/cm3) 0.2-0.4
In his thesis, Yang (2004) replaced part of the soil with SSA at 2, 4, 8, 16, and 22%
fractions (weight percent) to study soil stabilization. He found that when soil was
replaced by 16% SSA, it led to better shear strength and permeability performance.
Furthermore, Cai (2007) applied a mixture of SSA and cement as well as SSA and lime
at proportions of 1:1, 2:1, 3:1, and 4:1, respectively, in his study of soil stabilization. He
also added nano-SiO2 to understand its effect on the treated soil. In one of his
conclusions, he suggested that better performances for both SSA/cement and SSA/lime
treated soil were obtained with proportions of 3:1 and 4:1. Thus, in our study, 15% of
soil was replaced by the mixture of SSA/cement with a 3:1 ratio. 0, 1, 2, and 3% of
nano-Al2O3 were added to the treated soil samples. Related tests used in this study are
as listed in Table 3, consistent with the American Society for Testing and Materials
(ASTM) standards. The micro-behaviors of soil and SSA are studied by using scanning
electron microscopy (SEM).
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Table 3. Related tests and their standards 
Test Standard
1. Soil specific gravity test ASTM D854-83
2. Soil moisture content test ASTM D2216-80
3. Atterberg limits test ASTM D4318-84, D427-83
4. Soil particle size test ASTM D452-80, D422-63
5. Soil classification test ASTM D2487-85
6. Soil compaction test ASTM D698-78, D1557-78
7. Soil pH value test NIEA 27038-S410.60T
8. Soil unconfined compression test ASTM D2166-85
9. Indoor permeability test ASTM D2434-68
10. California bearing ratio (CBR) test ASTM D1888-87
11. One-Dimensional Consolidation Test ASTM D2435-80
NIEA: National Institute of Environmental Analysis (NIEA), Taiwan, Republic of China
RESULTS AND DISCUSSION
Physical Properties of Untreated Soil 
Table 4 lists the basic physical properties of untreated soil. As shown in this table, the
specific gravity of untreated soil is between 2.70 and 2.75. The liquid limit (LL) and
plastic index (PI) are between 33.0-33.3% and 11.8-12.2%, respectively. The Unified
Soil Classification System (USCS) classified this soil as CL, and the American
Association of State Highway and Transportation Officials (AASHTO) characterized
the soil as A-6. Moreover, based on the compaction test results, the maximum unit
weight (MUW) of the untreated soil is between 17.1 and 17.4kN/m3, and the
corresponding optimum moisture content (OMC) varies from 15 to 15.5%. Figure 1
shows the untreated soil grain size distribution, suggesting that about 90% of soil passes
through a #200 sieve. We note that the untreated soil is above the Casagrande A-Line in
Figure 2.
Table 4. Physical properties of untreated soil
Soil Property Clay Standard
Gs 2.70~2.75 ASTM D854-83
Liquid Limit (LL) (%) 33.0~33.3 ASTM D4318-84
Plasticity Index (PI) (%) 11.8~12.2 ASTM D4318-84
Classification CL USCS
Classification A-6 AASHTO
Max Unit Weight (kN/m3) 17.1~17.4 ASTM D698-78
Optimum Moisture Content (%) 15~15.5 ASTM D698-78
Unconfined Compressive Strength (kPa) 39.6~40.5°@ ASTM D2166-85
When LL and plastic limit (PL) tests were performed for SSA, the LL test went
smoothly. However, the PL test could not be completed. Kim et al. (2005) pointed out
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that the fly ash and bottom ash obtained from coal ash were characterized by grain
particles in the context of engineering applications. Similarly, SSA can be characterized
as a coarse grain particle material, and the organic materials were totally incinerated at
high temperature and used as backfill material for various engineering applications.
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Figure 1: Particle distribution of clay soil.
Figure 2: Location of untreated clay soil in a plasticity chart.
Compaction Test 
Figure 3 shows the compaction test results for treated soil with 15% of the clay replaced
by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3 additive. As seen
in the figure, the OMC (w
opt) and MUW(γd,max) are 16.3% and 16.7 kN/m3, respectively,
for treated soil with 0% nano-Al2O3 added; wopt = 17.34% and γd,max = 16.56kN/m3 for
1% nano-Al2O3 added; wopt = 18.03% and γd,max = 16.41 kN/m3 for 2% nano-Al2O3
added; and w
opt = 18.25% and γd,max = 16.32 kN/m3 for 3% nano-Al2O3 added. The
above data and Figure 3 indicate that the OMC increased for treated soil, but the MUW
decreased. Moreover, the OMC of treated soil samples increased as the amount of nano-
Al2O3 increased. Hence, additional nano-Al2O3 additive would require more water for
treated soil. Moreover, because more water is needed to reach the optimum compaction
state, the MUW of treated soil with nano-Al2O3 is slightly reduced.
In their study, Kim et al. (2005) performed a compaction test using a mixture of fly
ash and bottom ash. They found that as the mixture grain size increases, the OMC as
evidenced from the compaction test increases, while the MUW decreases. In our study,
15% of untreated soil (clay) was replaced by SSA/cement. Although the grain size of
SSA is similar to that of sand, the amount required for replacement is too little to
noticeably increase γd,max and reduce the OMC of the treated soil. Not only is the
amount of SSA insufficient, but the grain size and specific gravity of SSA are smaller.
Thus, the γd,max of treated soil changes minimally. However, the OMC of treated soil
increased because more water is necessary to lubricate particles and thereby reach an
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Figure 3: Effects of the SSA/cement and nano-Al2O3 on the properties of the soil
after compaction.
optimum state. In addition, because the quantity of nano-Al2O3 added to the soil is
relatively small, the effect of nano-Al2O3 on the compaction test results is less
noticeable. Furthermore, because the particle size of nano-Al2O3 is very small, in order
to reach the OMC, more water is needed for treated soil when the amount of nano-
Al2O3 added is increased. In the meantime, both MUW and γd,max metrics decrease
slightly as more nano-Al2O3 is added to the soil.
Atterberg Limits   
In Table 5, we list the test results of LL, PL, and PI for treated soil with 15% clay
replaced by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3 additive.
The LL of treated soil with or without nano-Al2O3 added is reduced as the curing time
increases. This reduction is related to the pozzolanic activity associated the SSA
reaction during the hydration process. Moreover, during the process of bonding and
hardening, hydration products, such as calcium silicate or calcium aluminate, are
generated by cementitious materials. These hydration products are further hardened and
become more finely aggregated to encapsulate soil particles. As a result, the silty
property of the untreated soil is improved. Furthermore, the addition of nano-Al2O3 to
treated soil can improve the pozzolanic activity of SSA and the hydration reaction of
cementitious materials. This implies that nano-Al2O3 additive can also improve the LL
of treated soil. It is also clear from Table 5 that LL decreases as the curing age for
treated soil with or without nano-Al2O3 added at an early stage increased. For a longer
curing age (28 days), the LL as listed in the table varied widely. However, on the whole,
LL was reduced as the curing time increased. 
Table 5. LL, PL, and PI of treated soil with different amounts of nano- Al2O3
Testing Item Curing Time (Days) Nano-Al2O3 Content (% weight)
Clay 0% 1% 2% 3%
0 32.7 30.2 32.1 31.1 32.3
7 32.8 21.3 20.5 18.5 19.0
LL 14 32.8 19.1 19.1 17.8 19.2
21 32.8 17.3 16.6 17.1 16.9
28 32.6 16.2 17 16.8 16.0
0 21.6 18.7 20.4 19.1 19.8
7 21.7 16.9 17.2 14.5 15.4
PL 14 21.4 15.1 16.2 14.2 15.8
21 21.0 14.9 14.6 14.1 14.2
28 21.3 14.0 15.3 15.0 14.1
0 11.5 11.5 11.7 12 12.5
7 11.1 4.3 3.3 3.9 3.5
PI 14 11.5 4.0 2.8 3.5 3.3
21 11.7 2.3 2.0 3.0 2.6
28 11.3 2.1 2.1 1.7 1.8
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Figure 4 presents the relationship between PI and curing time for treated soil with
15% clay replaced by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3
additive. The PI values for treated soil effectively decreased as the curing age increased.
However, the addition of different amounts of nano-Al2O3 additive to treated soil also
reduced the PI values. At a very early curing age (day 0), the PI values for treated soil
with 0% nano-Al2O3 added are between 11.2 and 11.5; 11.5 to 11.7 for 1% nano-Al2O3
added; 11.8 to 12.0 for 2% nano-Al2O3 added; and 12.3 to 12.5 for 3% nano-Al2O3
added. Moreover, when cured at 3 days, the PI values for treated soil with 0% nano-
Al2O3 added are between 5.1 and 5.3; 4.4 to 4.6 for 1% nano-Al2O3 added; 4.3 to 4.5
for 2% nano-Al2O3 added; and 4.0 to 4.2 for 3% nano-Al2O3 added. As shown in the
figure, the PI values for treated soil were reduced noticeably for curing times from 0 to
7 days. However, the PI reduction trend gradually slows from 14 to 28 days. At 28 days,
PI values vary from 1.7 to 2.3. Thus, the replacement of SSA/cement mixture can
effectively reduce PI values. This also indicates that nano-Al2O3 additive can lower the
PI values of treated soil.
pH Test
Figure 5 shows the relationship between pH and curing time for treated soil with 15%
clay replaced by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3
additive. In general, pH values for treated soil with or without nano-Al2O3 added are
greater than those of untreated soil. The pH value is 12.04 for treated soil with 0% nano-
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Figure 4: The relationship between SSA/cement, nano-Al2O3, and plasticity index
of specimens at different curing ages.
Al2O3 added after 2 hours; 12.2 for 1% nano-Al2O3 added; 12.35 for 2% nano-Al2O3
added; and 12.5 for 3% nano-Al2O3 added. Thus, the addition of nano-Al2O3 increases
the pH values of untreated soil after 2 hours. Moreover, the pH value is 11.8 for treated
soil with 0% nano-Al2O3 additive cured at 3 days; 11.6 for 1% nano-Al2O3 added; 11.5
for 2% nano-Al2O3 added; and 11.4 for 3% nano-Al2O3 added. After 7 days, the pH
value for treated soil with 0% nano-Al2O3 was 11.7; 11.5 for 1% nano-Al2O3 added;
11.3 for 2% nano-Al2O3 added; and 11.2 for 3% nano-Al2O3 added. Furthermore, after
28 days, the pH value for treated soil with 0% nano-Al2O3 was 11.45; 11.0 for 1% nano-
Al2O3 added; 11.17 for 2% nano-Al2O3 added; and 10.72 for 3% nano-Al2O3 added. As
seen in the above data and in Figure 5, increases in the pH values, when compared to
the age of 2 hours, become less pronounced as the curing time increases for treated soil
with the addition of nano-Al2O3. These data also indicate that the magnitude of the
decrease became more pronounced as more nano-Al2O3 was added to the treated soil.
This phenomenon can be explained by a saturation of calcium ions, impacting both the
pH value and the soil stabilization treatment mechanism. Calcium ions gradually
decrease in concentration as the hydration reaction in treated soil begins. At the
beginning, cement with large amounts of calcium mixed with untreated soil leads to
high pH values for treated soil. As the hydration reaction begins, the calcium ions are
slowly depleted, and thus the calcium ion saturation in the treated soil is reduced.
Furthermore, nano-Al2O3 should accelerate the hydration reaction in treated soil. This
should consume calcium and lead to lower pH values in treated soil samples.
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Figure 5: The relationship between SSA/cement, nano-Al2O3, and pH value of
specimens at different curing ages.
In his book, Mitchell (1993) pointed out that when the pH value increases, H+ can be
easily dissolved in the solution. Thus, a more negative charge would build up on the
particle surface. On the other hand, if the pH value was small (acidic environment),
positive charges would accumulate on the particle surface. Therefore, those positive ions
that are originally absorbed in the mixture, such as heavy metals or other pollutants,
may be desorbed. Moreover, the soil would turn from flocculated into a dispersive
structure in the acidic environment (smaller pH value). The SSA replacement and the
nano-Al2O3 additive may lower the pH value of untreated soil and help prevent
pollutants from contaminating the soil.
Unconfined Compressive Strength Test (UCS Test)
Figure 6 shows the test results from unconfined compression tests for treated soil with
15% clay replaced by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3
additive. The unconfined compression strength (UCS) of treated soil with no nano-
Al2O3 is 1.2 times higher than that of untreated soil at beginning of curing. The UCS of
treated soil with 0% nano-Al2O3 added at the beginning of curing is 44.38 kPa; 55.16
kPa for 1% nano-Al2O3 added; 51.23 kPa for 2% nano-Al2O3 added; and 51.75 kPa for
3% nano-Al2O3 added. Moreover, The UCS of treated soil with 0% nano-Al2O3 added
after 7 days is 137.86 kPa; 160.78 kPa for 1% nano-Al2O3 added; 151.23 kPa for 2%
nano-Al2O3 added; and 140.56 kPa for 3% nano-Al2O3 added. This shows that the
UCSs of treated soil with 0, 1, 2, and 3% nano-Al2O3 added are 3.6, 4.2, 4.0, and 3.7
times higher than that of the untreated soil when cured at 7 days, respectively. However,
when cured for 14 days, the UCSs of treated soil with 1 and 2% nano-Al2O3 added are
larger than that of 3% nano-Al2O3 added. This result could be due to the fact that,
because nano-Al2O3 materials require higher water absorption, the moisture content in
soil with 3% nano-Al2O3 added is relatively less, where this leads to insufficient water
to support the hydration reaction in soil for extended curing. Therefore, a larger quantity
of nano-Al2O3 added to treated soil does not guarantee an improvement in UCS data. 
Slight changes in UCS for treated soil with different amounts of nano-Al2O3 are
apparent for specimens cured at 56 and 91 days. Possible explanations for this
phenomenon include the following: constant loading from upper soil layers, or pores in
the soil being filled by the pozzolanic reaction produced by cement as well as SSA and
the nano-Al2O3 additive. As stated above, hydration products from the replacement of
SSA and cement may encapsulate soil particles. Therefore, treated soil exhibits better
external loading resistance and gradually improves the UCS in the soil body. 
Figure 6 implies that the UCS of treated soil noticeably improves with the
replacement of SSA and cement. This also suggests that SSA and cement are
appropriate for soil stabilization treatments. A similar observation was noted by Tan et
al. (2002). In his study, the clay obtained from a seabed was treated with cement. He
suggested that the UCS of treated soil increases as the amount of cement increases.
Moreover, in Figure 6, the optimum amount of nano-Al2O3 added to treated soil is 1%.
Because nano-Al2O3 serves to speed up the hydration reaction and acts as filler to pores
in treated soil, the UCS is improved. However, the effect created by the nano-Al2O3 can
only improve UCS to a certain level, as shown in Figure 6. Additional nano-Al2O3 in
treated soil may not be as efficient as the addition of 1% nano-Al2O3.
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Permeability Test 
Figure 7 shows the relationship between hydraulic conductivity and curing time for
treated soil with 15% clay replaced by SSA/cement (3:1 ratio) and with different
amounts of nano-Al2O3 additive in the context of permeability tests. Results indicate
that hydraulic conductivities of treated soil with or without nano-Al2O3 additive are
higher than those of untreated soil right after mixing and after about 7 days of curing.
The hydraulic conductivities of treated soil became smaller than those of untreated soil
after 14 days of curing. Because SSA and cement are pozzolan materials, pozzolanic
and hydration reactions were produced in the treated soil as the curing time was
extended. As a result, the productions of calcium hydroxide and C-S-H gel fill the pores
inside the treated soil, which leads to a reduction in hydraulic conductivity. Therefore,
a 15% SSA/cement replacement can improve the permeability of the treated soil.
Moreover, when different amounts of nano-Al2O3 are added to the treated soil, similar
effects are produced, and hydraulic conductivities of soil were reduced after 14 days of
curing. The hydraulic conductivities for 0, 1, 2, and 3% of nano-Al2O3 added to treated
soil measured 2.5, 4.7, 3.9, and 5.3(×10-7) cm/sec, respectively. 
As the amount of nano-Al2O3 added to treated soil increases, the hydraulic
conductivity also increases. It is possible that the addition of nano-Al2O3 to treated soil
resulted in the creation of a gelled structure, which led to greater hydraulic
conductivities. We note that hydraulic conductivities for treated soil with or without
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Figure 6: The relationship between SSA/cement, nano-Al2O3, and unconfined
compressive strength of specimens at different curing ages. 
nano-Al2O3 additive gradually become smooth and are smaller than those of untreated
soil between 14 and 28 days of curing. The values of hydraulic conductivity for 0, 1, 2,
and 3% nano-Al2O3 additive are 1.9, 3.2, 3.0, and 3.1(×10-7) cm/sec. This implies that
SSA/cement and different amounts of nano-Al2O3 additive cannot effectively improve
the hydraulic conductivity of untreated soil, and the hydraulic conductivity converges to
a certain level as the curing time is extended, namely 10-7cm/sec in this study.
Mollamahmutoglu et al. (2007) injected a mixture of microfine cement and silica fume
into a sand sample. The test results obtained from constant head and rigid wall tests
showed that the sand sample became impermeable. We conclude that the application of
SSA/cement could lower the permeability of soil. However, the nano-Al2O3 additive is
not beneficial for the permeability of soil.
Swell Potential Test
Figure 8 shows the test results of volumetric changes for treated soil with 15% clay
replaced by SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3 additive.
Both the SSA/cement replacement and different amounts of nano-Al2O3 additive can
effectively reduce the volumetric swelling of treated soil. The volumetric swellings for
0, 1, 2, and 3% of nano-Al2O3 added to treated soil are 0.10 to 0.11%, 0.09 to 0.11%,
0.11 to 0.12%, and 0.10 to 0.13%, respectively, which is better than that of untreated
soil, which varies from 0.60 to 0.64%. This effective reduction in volumetric swelling
is caused by the C-S-H gel, which is a product of the hydration reaction. The C-S-H gel
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Figure 7: The relationship between SSA/cement, nano-Al2O3, and permeability of
specimens at different curing ages.
can tightly combine with silt or clay and thereby improve the swell potential of treated
soil. The figure also demonstrates how the amount of volumetric swelling reduction
decreases as the amount of nano-Al2O3 added increases. The addition of 1% nano-Al2O3
leads to the best reduction in volumetric swelling. 
Das (2002) pointed out that the swell potential of soil is related to soil activity. The
higher the soil activity value, the greater is the soil swell potential. The soil activity is
also related to the PI value. The higher the PI value, the greater the soil swell potential.
As stated above, when part of the clay is replaced by SSA/cement for untreated soil, the
PI value of treated soil may decrease. This decrease leads to a reduction in volumetric
swelling for treated soil, which agrees with Das’ finding. Further, Mitchell (1993)
proposed a relationship between swelling (S) and PI value, S = 2.16 × 103 (PI)2.44. Thus,
volumetric swelling decreases as the PI value decreases. The PI value of treated soil is
smaller than that of untreated soil, which leads to a more pronounced reduction in
volumetric swelling. Moreover, the PI value for the 1% nano-Al2O3 is smaller than other
amounts of added nano-Al2O3, and the smallest swell potential is observed for treated
soil with 1% nano-Al2O3 added.
CBR Test
Figure 9 shows the test results of 95% CBR for treated soil with 15% clay replaced by
SSA/cement (3:1 ratio) and with different amounts of nano-Al2O3 additive. The 95%
CBR for untreated soil is about 1.2, which is characterized as “poor subgrade soil” by
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Figure 8: The relationship between SSA/cement, nano-Al2O3, and volumetric swell
of specimens.
AIIS-181 specifications when CBR ≤ 3. With 15% SSA/cement replacement and
different amounts of nano-Al2O3 additive in treated soil, the 95% CBR values improve
to a range of 60.3 to 70.1, which is much better than “good to excellent subgrade soil”
with CBR > 8, as regulated by the relevant standards. This implies that SSA/cement
replacement can effectively improve soft subgrade untreated soil, and the CBR values
are improved by 50 to 59 times. Two explanations exist for such good improvements in
the CBR values: the soil strength was improved by the pozzolanic and hydration
reaction provided by SSA/cement, and the very low permeability of SSA/cement helped
stop water from permeating the soil and softening the soil layer. The 95% CBR values
for treated soil with 0, 1, 2, and 3% nano-Al2O3 added are 60.2, 70.1, 63.3, and 63.0%,
respectively. As shown in Figure 9 and considering the above values, although 95%
CBR values for treated soil are improved, the results vary. These effects may reflect how
the addition of nano-Al2O3 additive can improve the pozzolanic and hydration reactions
provided by SSA/cement.
Hydration products like calcium hydroxide and C-S-H gel can increase soil strength.
However, greater amounts of nano-Al2O3 additive imply that more water is needed,
which leads to insufficient water for the above reactions in treated soil and inefficient
improvement in terms of the 95% CBR values. As a result, the optimum amount of
nano-Al2O3 added to treated soil is 1% in this study. Similar results were reported by
Pandian and Krishna (2003). They used fly ash to stabilize high compressibility clay
(CH) and found that, due to the pozzolanic characteristic of fly ash, as the amount of
fly ash applied increased, greater CBR values were obtained. They also reported that the
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Figure 9: The relationship between SSA/cement, nano-Al2O3, and CBR value of
specimens.
increase in CBR values was closely related to the particle size of the fly ash and to the
magnitude of the pozzolanic reaction.
SEM Analysis
In order to understand the relationship between micro-structure and macro behavior of
specimens, we performed SEM analyses of treated soil with different amounts of nano-
Al2O3 additive. Figures 10(a) and (b) show SEM images of SSA/cement paste cured for
7 and 56 days, respectively. As shown in Figure 10, the hydration process can make the
paste denser. When cured for 7 days, the irregular shape of C-S-H gel, white lumps of
CH, and needle-like monosulfaluminate (AFm) form the paste structure. This indicates
that the hydration process is not fully developed after 7 days. The hydration products
were loose within the structure and the paste exhibits a high porous ratio. However,
when cured for 56 days, the hydration process is almost fully developed, and the
hydration products gradually mature. These products may fill certain pores to reduce the
paste porous ratio. As shown in Figure 10(b), the irregular laminated C-S-H gel and
white laminar lumps of CH form an integrated paste structure and most pores were
filled, although there remain some fine cracks or pores. Pandian and Krishna (2002)
pointed out that the pozzolanic reaction cannot be seen in the SEM pictures because of
the low calcium content in fly ash. However, the needle-like structure of the hydration
product forms with the addition of cement to fly ash when cured for 28 days. As a result,
the CBR values increased in their study.    
Figures 11(a) and (b) show SEM images of the SSA/cement paste with 2% Nano-
Al2O3 when cured for 7 and 56 days, respectively. Similar to Figure 10, the porous ratio
is reduced as the curing time increases. As shown in Figure 11(a), the laminar CH
reacted with the laminated C-S-H gel and this led to a better filling result when
compared to Figure 10(a). This indicates that the addition of Nano-Al2O3 to the
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Figure 10: Results of SEM analysis for SSA/cement paste specimens cured at (a) 7
days and (b) 56 days.
SSA/cement paste was helpful for the hydration process. This became more noticeable
after curing for 56 days, as shown in Figure 11(b). Thus, the addition of Nano-Al2O3
additive to SSA/cement mixture may improve both soil strength and CBR values. This
advantage of Nano-Al2O3 additive became more evident as the curing time increased.
CONCLUSIONS
In this study, SSA/cement was applied as a soil stabilizer with nano-Al2O3 as an additive
to improve the basic properties of soft subgrade soil. We conclude the following:
1. SSA/cement replacement can reduce the plasticity index of treated soil. The
addition of nano-Al2O3 may further reduce the plasticity index of soil. Thus, the
untreated CL or A-6 soil can be characterized as fine particle soil after treatment.
This result was connected with the SSA reaction in the hydration process,
including the bonding and hardening processes. This produced hydration
products, such as calcium silicate and calcium aluminate, that served to improve
soil properties.
2. The optimum moisture content was elevated in the treated soil, but the maximum
unit weight decreased. Moreover, the optimum moisture content of treated soil
increased as the amount of nano-Al2O3 added increased. Thus, the addition of
more nano-Al2O3 may require more water. 
3. The compressive strength and CBR values of treated soil were improved by the
addition of nano-Al2O3. However, in addition to the consideration of cost efficiency,
the nano-Al2O3 additive can only improve both properties to a certain level. Thus,
this study suggests that the optimum amount of nano-Al2O3 additive is 1%.
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Figure 11: Results of SEM analysis for SSA/cement paste specimens with Nano-
Al2O3 added and cured at (a) 7 days and (b) 56 days.
4. The application of SSA/cement may lower the permeability of soil. However, the
nano-Al2O3 additive does not improve soil permeability. Engineers should be
aware of this in certain applications.
5. SSA/cement replacement can effectively reduce volumetric swelling of treated
soil. However, different amounts of nano-Al2O3 additive have a limited effect on
the volumetric swelling of treated soil. This indicates that both the SSA/cement
replacement and nano-Al2O3 additive have the potential to improve soil
stabilization.
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